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20 Abbreviations

21 MACE - massive analysis of cDNA Ends sequencing

22 GO – gene ontology

23 LFC – log fold change

24 DEG – differentially expressed gene

25 EEG – equally expressed gene

26 Abstract

27 The average sowing date of crops in temperate climate zones has been shifted forwards by several 

28 days, resulting in a changed photoperiod regime at the emergence stage. In the present study, we 

29 performed a global transcriptome profiling of plant development genes in the seedling stage of root 

30 and shoot apical meristems of a photoperiod-sensitive species (barley) and a photoperiod insensitive 

31 species (tomato) in short-day conditions (8h). Variant expression indicated differences in physiological 

32 development under this short day-length regime between species and tissues. The barley tissue 

33 transcriptome revealed reduced differentiation compared to tomato. In addition, decreased 

34 photosynthetic activity was observed in barley, indicating a slower physiological development of shoot 

35 meristems than in tomatoes. The photomorphogenesis controlling cryptochrome gene cry1, with an 

36 effect on physiological differentiation, showed an underexpression in barley compared to tomato 

37 shoot meristems. This might lead to a cascade of suspended sink-source activities, which ultimately 

38 delay organ development and differentiation in barley shoot meristems under short photoperiods.

39 Keywords: Crops, Transcriptomics, Photoperiod, Interspecies comparison, Barley, Tomato
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40 1. Introduction

41 Flowering plants are divided into two major classes - monocotyledons and dicotyledons. Significant 

42 diversification of these plants endured about 200 million years ago (1). In spite of a protracted 

43 evolutionary divergence, most cultivated crops are a member of these major categories. Barley and 

44 tomato are genomic models for crops that represent monocots and dicots, respectively. In addition, 

45 these species reveal characteristic differences in their development and growth habits, especially in 

46 the root and shoot forms. Thus, genomic dissection of this variation provides an opportunity to address 

47 critical biological questions behind the evolutionary and developmental divergence.

48 Roots are programmed in the root apical meristem and part of the elongation zone where the lateral 

49 root arises (2). Shoots develop in the shoot apical meristem and its peripheral location, where leaf 

50 primordial arises successively. A major factor determining the development rate is the phyllochron, 

51 which ultimately regulates branching (3). Besides the temperature as a significant factor determining 

52 the phyllochron (4), the photomorphogenesis is light-mediated (5). In Barley and Tomato, three 

53 ortholog cryptochrome-mediated light response genes were characterized and described (Cry1a, 

54 Cry1b, Cry2)(5). All of these have the function of photoreceptors in common (6), where Cry1a was 

55 described to significantly influence the partitioning of photoassimilates between roots and shoots in 

56 tomato (7). This underlines that although root and shoot develop and grow at different spots, active 

57 communication and exchange between both organs determines specific plant architecture (8,9). 

58 Many photoperiod-regulated genes in barley have been described to affect development. The effect 

59 of photoperiod-sensitive alleles on the phyllochron and the prior-anthesis developmental phases in 

60 barley has been described before (10). This also highlights the high relevance of fast canopy and root 

61 establishment in Mediterranean climates. Little impact of photoperiod sensitive allele Ppd-H1 

62 compared to reduced sensitive allele ppd-H1 regarding the pre-awn primordium stage developmental 

63 time variation was found (11). 
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64 Contrasting to barley, cultivated tomato is characterized by a day-length neutral growth habit (12). So 

65 far, the effect of photoperiod on the generative development and yield formation in crops has been 

66 illustrated (13,14). Still, little research was performed concerning vegetative development in early 

67 growth stages. The growing season extended by up to 20 days in the past decades (15,16), but little 

68 gains in biomass production were reported for photoperiod-sensitive species (17,18). The missing 

69 adaptation towards these changed growth conditions might cause yield reductions or counteract yield 

70 increases in new spring-type varieties. Especially with more frequent drought events observed, 

71 unproductive growth habits determined by the photoperiod are undesired (10). By comparing a 

72 photoperiod-dependent and independent species, developmental variations in root and shoot tissues 

73 should expose the effect of photoperiodic regulation in a short day length regime of 8h.

74 2. Materials and Methods

75 Plant material and experimental design for transcriptome analysis

76 Spring barley cultivar Scarlett and tomato cultivar Moneymaker were used as genotypes in the 

77 presented study. Seeds were pre-germinated and sown in soil in 96-cell plant growing trays. Plants 

78 were grown inside a growth chamber at 22°C for 8 hours light and 18°C for 16 hours night regime for 

79 ten days. Root and shoot apices were harvested the following day, pooling 50 individuals of the same 

80 genotype in each of the three biological replicates. Apices were dissected and separated under a 

81 microscope. The soil was removed carefully for the root apices by washing these in a petri dish in 

82 freshwater. Seven millimeters of primary roots containing the apical meristem and elongation zone of 

83 barley and tomato were harvested. The absence of root hairs determined the root elongation zone. 

84 Likewise, three biological replicates were harvested independently in each species. Barley vegetative 

85 shoot apices comprising apical meristem and emerging leaf primordia were dissected, and 50 shoot 

86 apices were pooled in each of the three biological replicates. Similarly, 50 tomato vegetative shoot 

87 apices, comprising shoot apical meristem and emerging leaf primordial, were collected. Samples were 
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88 harvested at similar time points on the same day in the laboratory and immediately frozen in liquid 

89 nitrogen after dissection.

90 RNA extraction and Massive Analysis of cDNA Ends (MACE) analysis

91 MACE-based transcriptome analysis was performed by GeneXpro GmbH (Frankfurt, Germany) (19). 

92 According to the manufacturer's description, the root and shoot tissues were homogenized, and total 

93 RNA was extracted for each sample using the INVITEK plant RNA mini kit (INIVTEK, Germany). RNA was 

94 fragmented, and polyadenylated mRNA was enriched by poly-A-specific reverse transcription. A 

95 specific adapter was ligated to the 5' ends, and the 3' ends were amplified by competitive PCR. MACE 

96 sequencing is based on the TrueQuant method, which reduces the amount of duplicate transcript 

97 sequencing and enables the precise comparison and identification of ultra-low expressed transcripts. 

98 Sequencing was performed on the Illumina platform (San Diego, USA). 

99 Gene expression and function analyses

100 Transcriptome data were qualitatively adjusted using Trimmomatic SE (version 0.36)(20) with a 

101 minimum length of 40 bases and quality filter parameters of 28 for the leading and 17 for the trailing 

102 bases linked with a head crop of 10 bases. Fragments were aligned with the barley (IBSC_V2) and 

103 tomato (SL2.50) reference genome (21) using BWA mem (version 0.7.17)(22) applying standard 

104 settings. Read filtering was performed strictly, applying a quality filter of >60 using samtools 1.8 (23) 

105 view option. Duplicates as residuals from the PCR step in sequencing were disregarded due to the low 

106 impact in expression analysis (24)and the applied TrueQuant technique. Fragments were matched to 

107 the genes by the tool featurecounts of the subread software package (version 1.6.2) for tomato and 

108 barley separately, using the corresponding annotation files for the used reference (25). 

109 Further analyses were performed in the R (3.4.4) (26)and Julia (1.5.1) (27) environments. The 

110 expressional and functional analysis methodology is presented in the workflow chart in figure S1. The 

111 read count normalization and probability values were calculated using Bioconductor package edgeR 

112 for transcriptome analysis (28,29). The analysis of both species was performed separately between the 
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113 root and shoot apical meristem transcriptomes. Probability (p) value adjustment was performed by R 

114 function p.adjust, once by false discovery rate (FDR) and Bonferroni adjustment. Analysis was further 

115 performed based on FDR. Replicate testing was done applying a generalized linear mixed model based 

116 on a negative binomial distribution. Differentially expressed genes (DEG) were selected based on FDR 

117 values of p < 0.01 and a log fold change (LFC) bigger 3. These were used to run a gene ontology (GO) 

118 enrichment by AgriGoV2 (30) with default settings. Additionally, the GO terms were compared based 

119 on the expression level of the genes. DEG were associated with corresponding GO terms,

120 𝑒𝑥𝑝𝑟𝑘 =
∑ 𝐶𝑃𝑀𝑖𝑘

𝑐𝑜𝑢𝑛𝑡(𝑖𝑘)

121 where the expression CPM of all genes i, annotated to the same GO term k were summarized to an 

122 average gene ontology expression exprk. The expression pattern of the root and shoot group was 

123 compared in a generalized linear model (based on a negative binomial distribution),

124 𝑝 = 𝑔𝑙𝑚[𝑎𝐶𝑃𝑀1𝑘
𝑏𝐶𝑃𝑀1𝑘

⋮ ⋮
𝑎𝐶𝑃𝑀𝑛𝑘

𝑏𝐶𝑃𝑀𝑛𝑘
], expression ~ species

125 where p is the probability derived from the glm model, which tests the gene expression 1:n for GO 

126 term k in tissue a against tissue b. This step identified p values for GO terms based on the expression 

127 level. After FDR adjustment, candidate GO terms were selected by applying a cut-off of FDR < 0.01, LFC 

128 > 3, and a minimum of five genes per GO.

129 Subsequently, tomato and barley were directly compared on GO expression level, analog to the 

130 previously presented equation. Therefore, the gene expression values of the GO terms were matched 

131 for both barley and tomato tissues. The LFC between root and shoot of the same species was calculated 

132 and compared to the other species for each GO term. Therefore, the LFC distribution of each GO term 

133 was compared between tomato and barley. Differentially expressed GO terms were selected from this 

134 set based on an FDR < 0.05 and a gene count > 2. 
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135 Furthermore, orthologous genes were identified based on reference proteome sequence level using 

136 default settings of OrthoMCL (31). The minimum cut-off was set to an e-value threshold of 1e-5 and a 

137 length match of at least 50% for the essential all-vs-all BLASTP (32) step. The identified set of genes 

138 was used to match genes on a 1:1 base by the read count step onward. The genes were extracted from 

139 the raw read counting file. Root and shoot were separated so that barley and tomato were compared 

140 on both tissue levels separately by edgeR. The output of this was clustered in significantly DEG (FDR < 

141 0.05, LFC > 3, normalized expression in both species >5) and equally expressed genes (EEG)(FDR > 0.2, 

142 mean normalized expression over both species >5). The group of orthologous genes was clustered by 

143 principal component analysis. The DEG and EEG group were compared on gene count level in the three 

144 sub-categories molecular function, cellular component, and biological process. These orthologous 

145 genes should provide a classification of evolutionary conservation patterns. Furthermore, ortholog 

146 genes , annotated to one of three selected gene ontologies were examined for their chromosomal 

147 identity between the species in a circos plot. EEG and DEG were seperated to investiagte positions 

148 similarities and variations and if these were correlating with genomic positions.

149 Venn diagrams were prepared using the R package VennDiagram 1.6.20 (33). Bioconductor packages 

150 ComplexHeatmap 2.6.2 (34) and Circlize 0.4.11 (35) were used to create the heatmaps. Correlations 

151 were performed by corrplot 0.84 package (36). GO term bar plots were printed using ggplot2 3.3.2 

152 package. Principal component analysis and plots were created by PCAtools 2.2.0 (37) and complex 

153 boxplot with either ggplot2 3.3.2 or ggpubr 0.4.0 packages (38,39). Finally, circos plots were created 

154 with OmicCircos 1.2.0 (40).

155 3. Results

156 The presented study covered multiple comparison levels to provide a general overview of physiological 

157 processes in different tissues and species at the seedling stage under a short-day photoperiod regime. 

158 On the first level, root and shoot meristems within the species were tested against each other to 

159 uncover tissue-related gene expression variations. Transcriptome analysis using MACE revealed 7.9 
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160 million reads in barley root apices, of which 5.5 million reads were aligned across the barley genome. 

161 Among the mapped reads, 4.7 million reads were aligned to barley annotated genes. More transcripts 

162 (10.5 million) were found in the barley shoot, of which 5.9 million reads were mapped and aligned with 

163 barley annotated genes (Figure S2A). In tomato root and shoot apices, around 12.4 and 7.9 million 

164 reads were identified, of which 7.1 and 5.5 million reads were mapped to annotated genes, 

165 respectively (Figure S2B). Across tissues and species, the three replicates indicated high similarities 

166 (Figure S3). Pearson correlations of the normalized gene expression between the replicates ranged 

167 from 0.97 to 1.00. The calculated p-value between the replications for all genes supports the 

168 similarities of replicates observed in the correlation analysis (r > 0.99). 

169 Barley tissue comparison

170 We detected 16,842 of 39,811 genes (42%) to be expressed in both barley tissues (Figure 1A), from 

171 which 1,918 were significantly upregulated in the shoot and 2,214 in the root meristem (Figure 1B, 1C). 

172 Additionally, 1,085 genes have been expressed in the root only, while 1,533 genes show expression 

173 only in shoot tissue (Figure 1A, Suppl. Table 1). By performing a gene ontology enrichment based on 

174 the gene cluster occurrences in the overexpressed genes, 51 significant ontology classes were 

175 observed (Figure S4, Suppl. Table 2). The most significant GO terms were identified for cell wall 

176 organization, oxidation-reduction processes, and heme-binding (p < 0.0001). On a lower but still 

177 significant level of probability (p < 0.05), transcription factor activities and metabolic process 

178 regulations have been observed to vary between the root and shoot. These observations were further 

179 quantified by an expression level analysis of GO terms (Suppl. Table 3). Ten significantly different 

180 ontologies were detected, where five of these show an up-regulation in root tissue (Figure 1D). Three 

181 of these genes are related to the transport of nutrients (ammonium transport, phosphate transport, 

182 transmembrane transporter), while one is related to the energy process (sucrose alpha-glucosidase) 

183 and the last and strongest associated with oxidative stress response (oxidoreductase activity). Another 

184 family of oxidoreductase genes is significantly upregulated in the shoot meristem, but the absolute 

185 expression is much lower than in the root tissue.
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186 Furthermore, two other oxidative response classes were observed (cyclase activity, antioxidation 

187 activity). Besides these three stress-responsive ontology classes, the photosystem I reaction center 

188 and glycerol kinase activity were overexpressed. Thus, concluding the observations made on the barley 

189 tissue comparison level, a sink source pattern can be observed with the additional oxidative stress 

190 response.

191 Tomato tissue comparison

192 In tomato, 20,297 of 33,812 genes (60%) were expressed in both tissues, from which 1,537 were 

193 upregulated in the shoot and 1,874 upregulated in the root meristem. Additionally, 1,835 genes have 

194 shown expression in the root, while 1,362 genes are only expressed in the shoot tissue (Figure 2A-C, 

195 Suppl. Table 4). Gene ontology clustering based on the DEG resulted in 63 significant variations 

196 between root and shoot tissue (Figure S5, Suppl. Table 5). The most pronounced variation was noticed 

197 for stress response, cell wall organization, metabolic processes, transcription factor binding, 

198 transporter activity, and photosystem I. By comparing the gene expression level of root and shoot 

199 tissue against each other on the GO term level, 27 significantly different classes have been observed 

200 (Suppl. Table 6). Eleven of these (41%) are overexpressed in the root compared to the shoot tissue, 

201 while 16 are overexpressed in the shoot tissue. Most of the root-related GO terms can be classified in 

202 the functional groups of transporting (transmembrane transporter), reservoir activity (nutrient 

203 reservoir activity, beta-carotene monooxidase activity, anthocyanin glucosyltransferase), nutrient 

204 uptake (Nicotianamine biosynthesis), and elongation (apoplast, gibberellin oxidase). For the shoot, few 

205 superordinate classes were identified, which are growth (elongation), photosynthetic activity 

206 (protochlorophyllide reductase, photolyase, rubisco, photosystem I and II, chlorophyll-binding, 

207 extrinsic to membrane), oxidative response (Flavonoid biosynthesis, oxidoreductase, formamidase 

208 activity), developmental activities (indole acid carboxyl transferase) and energy transformation (acetyl-

209 CoA reductase, glyoxylate reductase). The highest overall expression can be reported for 

210 photosynthesis-related processes directly linked to photosystems I and II (Figure 2D). 
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211 Comparison of barley and tomato development
212 While the roots showed equal functional activity between barley and tomato gene ontologies, the 

213 shoot tissues varied in photosynthetic activity levels. Remarkably, the oxidoreductase activity (acting 

214 on CH-CH group donors) was found to be overexpressed in tomato shoot tissue and barley shoot tissue, 

215 while lowly expressed in root tissues (Figure 1D & 2D). Compared to the barley GO clustering, 2.7 times 

216 more differentially expressed GO terms were observed. The reduced expressional activity in barley 

217 tissues resulted in a lower tissue-specific differentiation level (Figure 3A). The principal component 

218 analysis revealed variations between species on gene ontology expression level, presented by the first 

219 component. This first component explains more than 70% of the entire variation. The second 

220 component explains 17%, related to the tissue-specific variation. Generally, a more pronounced 

221 differentiation of the tomato tissues compared to the barley tissues was observed. Based on the LFC 

222 comparison between barley and tomato, 12 GO terms were identified to be significantly different 

223 between the two species (Figure 3B).

224 Generally, three major groups can be clustered from the direct GO expression comparison. The first 

225 group is photosynthetic activity (Photosystem II, Chlorophyll binding) (Figure S7C& S6C). The activity 

226 was highest in tomato shoot tissue, while little expression was detected in barley. In contrast, the 

227 photosystem I indicated similar expression patterns in barley and tomato (Figure 1D & 2D). The second 

228 group was related to stress response on the cellular level, including response to wounding, peroxidase 

229 activity, and defense response. While the peroxidase activity differed between the species on p < 6.5e-

230 10, the intraspecies tissue variation was p < 0.001 (Figure 3B). Besides the peroxidase activity (Figure 

231 S6B), chlorophyll-binding (Figure S6C), defense response (Figure S7E), and the response to wounding 

232 (Figure S7I) were discovered for this group. Generally, the expression magnitude for the GO terms was 

233 higher in root tissues, with an overall higher expression in tomato. A higher level of expression in 

234 tomato was also observed for the other two stress-responsive GO terms (Figure S7E & I). Finally, the 

235 biggest group was related to respiratory and developmental processes. NADH dehydrogenase, 4 iron 

236 4 sulfur cluster binding, and proton-transporting ATPase activity might be associated with respiratory 
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237 functions. The ribosomal constitution, protein binding, and calcium-binding appear to be related to 

238 developmental processes. No variation between the tomato tissues was observed for the 

239 developmental processes, but an increased expression compared to the barley tissues (Figure S7A, D 

240 & G). The same holds for the respiratory GO terms. No variation between tissues of the same species 

241 was observed. Nevertheless, significant overexpression of genes in the tomato tissues was detected 

242 compared to the barley tissue (Figure S6A, S6D & S7H). 

243 Subsequently, we wanted to compare the expression of Cry1 and Cry2 in both species and tissues. 

244 These cryptochromes were reported to mediate the photoperiodic control of flowering, entrainment 

245 of the circadian clock, cotyledon opening and expansion, anthocyanin accumulation, and root growth 

246 (41). The blastn of Hv-CRY1a/b and Hv-CRY2 sequences, derived from (42), revealed 

247 HORVU6Hr1G049950 (Hv-CRY1) and HORVU6Hr1G058740 (Hv-CRY2) as single hits. We compared the 

248 expression of Hv-CRY1/2 in root and shoot to the expression of ortholog tomato Cry1 and Cry2 genes 

249 (Figure 4). Locus information of tomato orthologs was derived from (41). While we did not observe 

250 variations in the gene expression of Cry2 in shoot tissues between tomato and barley, Cry1 revealed 

251 2.3 times higher gene expression in tomato compared to barley shoot. The root tissue expression of 

252 Cry1 and Cry2 revealed a 1.95 and 2.87 times overexpression in the barley root tissue compared to 

253 tomato, respectively.

254 Conserved protein sequences and transcription patterns

255 Five hundred nineteen orthologous genes were identified based on their protein structure homology. 

256 These were used to estimate the magnitude of conservation in the expression level (Figure 4A, Suppl. 

257 Table 7). This 1-to-1 sequence similarity relationship indicates that these respective barley and tomato 

258 genes were more closely related than to any other genes.

259 A principal component clustering of these genes exposed the higher transcriptional relation tissue-

260 wise in this set of orthologues (Figure 5A). Compared to the collection of GO expression of all genes in 

261 figure 3A, the tissues show evidence of increased transcriptional conservation in the group of 
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262 orthologous genes. While the first component separates the root tissue, the shoot tissues are 

263 separated by the second component. The clustering of these orthologues in DEG and EEG results in 

264 two unequally sized groups. Based on a threshold of at least five reads in either set, 94 and 91 DEG 

265 were identified, comparing the species tissue-wise for root and shoot, respectively. The majority of 

266 these genes were not, or only marginally expressed in barley. With a minimal expression threshold of 

267 five reads in both species, the number of DEG was reduced to 12 and 14 in root and shoot, respectively 

268 (Figure 5B). Six of these genes were found in both tissues. These include endopeptidase activity, 

269 proteolysis, structural constituent of ribosome, SNAP receptor activity, and response to stress and 

270 oxidation-reduction. These genes have a significant overexpression in the tomato tissues in common, 

271 with an average LFC value of ten.

272 The other group of EEGs was almost four times bigger (Figure 5B). Forty-one EEGs have been identified 

273 in the root gene expression, while forty-five EEGs were detected in the shoot comparison. Seven of 

274 these were found in both tissues, including transcription coactivator activity, clathrin binding, 

275 hydrolase activity, protein binding, metabolic processes, and two endonuclease activity genes. The 

276 average expression of these genes was 298 normalized fragments, indicating an overall high expression 

277 level. For the EEG in the root, four were annotated as transcription factors, ten were related to protein 

278 binding, 14 were identified as enzymes, two were related to oxidation reactions, and four were 

279 identified as endonuclease enzymes. In shoot-related EEG observed genes, 14 enzymes were 

280 identified. Nine of these were described as transcription factors, five protein-binding-related genes, 

281 seven genes with oxidation background, and three endopeptidases. Several genes were annotated to 

282 more than one function.

283 High expressional conservation between the species was observed when clustered to biological 

284 processes, cellular components, and molecular function (Figure 5B). Especially the count of EEG in the 

285 molecular function group is 4.3 and 5.4 times higher than the DEG for shoot and root, respectively. The 
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286 other two groups show lower representation in both groups, which results in no variation between 

287 DEG and EEG. 

288 Ultimately, we mapped the ortholog genes and compared their genomic position between the species. 

289 As the three groups transport, translation, and photosynthesis have caught the most interest, we 

290 compared the genomic loci between tomato and barley for DEG (Figure 5C), and EEG (Figure 5D) 

291 expressed ortholog genes. Three photosynthesis, one transport, and two translation-related genes 

292 were identified among the DEG group. Analog, one photosynthesis, six transport, and five translation-

293 related ortholog genes were observed for the EEG group. The comparison of the genomic loci revealed 

294 a hotspot on barley's chromosome 5H, where five of six DEG ortholog genes were located. Besides, 

295 three EEG transport-related genes were found on 5H. Contrasting to barley, the distribution of the DEG 

296 and EEG ortholog genes did not indicate any clustering on the tomato genome.

297 In conclusion, the orthologues' significant variation in expression is related to a void barley root and 

298 shoot gene expression at the seedling stage. For the set of genes showing expression in both tissues, 

299 the majority is described by the group of molecular functions. Most of these genes indicated a similar 

300 expression.

301 4. Discussion

302 The functional analysis of these two divergent species was performed after a cultivation period of ten 

303 days, described by a photoperiod of 8h. While modern tomato varieties are day-length neutral (43), 

304 barley, as facultative long-day species (44), depends on long photoperiods to flower. Regarding this 

305 habit, short day-length was also observed to suppress growth and development in barley at the 

306 seedling stage (45). Although the photoperiodic habit of species is generally determined, the day 

307 length type depends on the presents or expression level of specific candidate genes and, therefore, is 

308 interchangeable (43). Furthermore, mutation breeding has created barley varieties with day-length 

309 neutral habits, indicating the potential to change the photoperiodic sensitivity (44). 
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310 This study aimed to identify significant variations and similarities of physiological development in early 

311 seedling stages between a day-length neutral tomato variety and a long-day barley variety. Therefore, 

312 root apices, comprising root meristem and root elongation zone of barley and tomato, were precisely 

313 harvested under a dissecting microscope. Likewise, shoot meristems comprising two emerging leaf 

314 primordia were gathered in both species. To homogenize the sampling process, we cut exactly 50 root 

315 and shoot apices (as technical replicates) and pooled them in each biological replicate. The primary 

316 reason behind this sampling strategy was to target development-related genes and ensure the 

317 reproducibility of transcript data. Our data showed very highly similar gene expression among the 

318 individual biological replicates in each tissue in both species, suggesting that the adopted sampling 

319 strategy was appropriate (Figure S2, S3).

320 We used massive cDNA Ends (MACE) analysis instead of whole transcriptome sequencing by standard 

321 RNAseq approaches. MACE was preferred over RNAseq for two reasons. First, the bias of gene length 

322 should be avoided. While the gene length variation does not matter too much in intraspecies 

323 transcriptome analysis, the comparison between species results in gene length expression bias. Both 

324 the orthologue genes and the gene ontology comparison on expression level could be biased by the 

325 gene length-related expression. Although the expression could have been corrected by the gene 

326 length, only sequencing the 3' single end of the gene gives higher confidence in the processed 

327 approach. Second, PCR duplicates are reduced due to the applied TrueQuant approach while 

328 sequencing. This should ensure minimal PCR bias during transcriptome sequencing. Ideally, each 

329 template molecule can be identified by its unique TrueQuant adapter sequence. Based on this, PCR 

330 copies can be determined and eliminated from the dataset, and uneven amplification and artifacts 

331 generated during the PCR amplification can be eliminated. Nevertheless, MACE also has some relevant 

332 disadvantages, like the comparably short read length and the sequencing on the 3' end. These two 

333 might have caused the significant loss of fragments throughout the alignment, filtering, and annotation 

334 process. As previously reported, inaccurate gene annotations might result in failed read annotations 

335 for those fragments with a start position beyond the annotated gene start (46). This becomes a more 
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336 relevant issue the shorter the reads are. Besides, the precise alignment of very short single-end reads 

337 is challenging. Maybe this was the other reason for the high number of unaligned reads.

338

339 In the functional analysis, the intraspecies comparison revealed a generally lower expression of genes 

340 in barley tissues than tomato. While only about 48% of all genes were expressed in barley, almost 73% 

341 of all genes have shown evidence of activity in tomato. The higher number of expressed genes is also 

342 represented by a higher relative number of DEG in Tomato compared to barley (Figure 2). This can be 

343 seen as a first indication of lower differentiation activity in barley tissues. A GO enrichment, based on 

344 the occurrences of DEG, revealed twelve more variant terms in the tomato root to shoot comparison 

345 than for the barley tissues (Figure 3). Similarities were found for the terms cell wall organization, 

346 metabolic processes, and transcription factor binding. In addition, variations were observed for stress 

347 response and photosynthetic activity, which showed variance in the tomato tissues, but not between 

348 the barley tissues. 

349 Based on an expression value comparison of root to shoot tissues, particular GO variations between 

350 the species were observed. Barley root tissue-specific ontologies were nutrient transportation, 

351 respirational aspects, and oxidative stress response. In tomato, gene overexpression in roots was 

352 found for nutrient uptake, transport, and storage groups. Additionally, elongational processes can be 

353 observed, indicating growth processes in the root tissue. Comparing the shoot level, both species have 

354 an overexpression in oxidative response classes and the photosystem I activity in common. Besides 

355 these, six additional GO classes related to the photosynthetic activity are overexpressed in the tomato 

356 shoot tissue. Overexpression of photosynthetic genes in the shoot is not unexpected, but the missing 

357 overexpression in barley tissue makes it remarkable. Developmental gene ontologies and energy 

358 transforming processes indicated that tomato shoot tissue was associated with superior energy 

359 production under short-term light conditions compared to barley shoot tissue. Nevertheless, this 

360 variation might also be caused by the lower seed weight of tomato compared to barley. This might 
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361 force tomato seedlings to overweight the energy production and photosynthesis gene expression 

362 compared to barley. Overall, there were 2.7 times more gene ontologies found in tomato to vary 

363 between root and shoot tissues. This might indicate higher tissue specificity, probably associated with 

364 a more pronounced developmental variation under the given light regime.

365 The following comparison level supported the GO variations' higher physiological and metabolic 

366 activity in tomato tissue. Therefore, the LFC variation between root and shoot tissues on the 

367 intraspecies level was compared between the species. Two photosynthesis-related GO terms were 

368 highly expressed in the tomato shoot (Figure 2), but not in the barley shoot (Figure 1). Especially 

369 interesting is the low expression level of photosystem II-related genes in barley shoot tissue. The 

370 photosystems cover a different range of light absorbance (680nm, 720nm), which leads to a reduced 

371 energy transformation from less energetic light, due to the reduced activity of the photosystem II (47).

372 Furthermore, the activity of photosystem II is reported to require more light than photosystem I (48). 

373 Evolutionary variant extrinsic proteins might have a crucial effect on the structure and function of the 

374 photosystem II (49). The reduced photosynthetic activity is framed in an overall reduced physiological 

375 activity in barley tissues. The reduced physiological activity was assumed based on the structural 

376 constituent of ribosomes, protein binding, NADPH dehydrogenase, or proton-transporting ATPase 

377 activity. The structural constituent of ribosomes plays a crucial role in regulating gene expression (50–

378 52). The count of protein-binding related genes has been observed to be one of the most expressed 

379 groups, which might be related to tissue differentiation processes (53) or the regulation of plant 

380 developmental processes by protein-protein interactions (54). NADPH dehydrogenase, relevant in the 

381 respiratory chain (55,56), was more active in tomato tissues. The activity of NADPH dehydrogenases 

382 was reported to be dependent on Ca2+ (57). Calcium has several roles in plant development (58), and 

383 we observed the calcium ion binding expression also being higher in tomato tissues. This might indicate 

384 that a reduced calcium ion binding results in reduced activity of the NADPH dehydrogenases and, 

385 ultimately, reduced development and differentiation in barley tissues. The PCA shows a higher tissue 
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386 distinction in tomato (Figure 3A), indicating a more pronounced developmental variation under the 

387 given light regime. The observed higher expression of stress-responsive genes in tomato tissues might 

388 be associated with unfavorable photoperiodic cycle conditions induced injuries, as described by 

389 Hillman (1956)(59).

390 The candidate genes Cry1 and Cry2 were selected as target genes, as these were described to have a 

391 relevant impact on tissue differentiation. Furthermore, the expression pattern was observed to change 

392 over time (7). From the observation made in our experiment, one could conclude that tomato 

393 promotes shoot over root development (Figure 4). Contrasting, barley promotes the root growth 

394 overshoot development. But, as our experiment lacked a barley expression profile in a long-day light 

395 regime, we compared the observed Cry1 and Cry2 expression patterns to literature-obtained 

396 expression data. By this comparison, we aimed to answer whether the lower expression of Cry1 in 

397 barley was associated with the species or the 8h light regime. Compared to the expression profile of 

398 Morex seedlings, derived by (60), Cry1 was 2.9 times higher expressed in Morex under 16h light regime 

399 (external source) than Scarlett under 8h (Figure S8). Similarly, Cry2 was 2.14 times higher expressed in 

400 Morex compared to Scarlett. As these are two different genotypes and the sampling time point 

401 marginally differs, observed variations could be due to genotypic or time variations. Nevertheless, the 

402 expression variation between the environments for barley was highly significant, and the expression 

403 of Morex 16h was even beyond the level observed in tomato. Therefore, it could indicate that Cry1 

404 and Cry2 alleles in Scarlett would be higher expressed than tomato orthologs under a 16h light regime. 

405

406 Additionally, the expression conservation level between these two species was investigated by 

407 comparing orthologous genes. The hypothesis of the structural relation of genes leading to a higher 

408 level of equal expression can be confirmed. In the group of molecular functions, five times more genes 

409 showed equivalent expression compared to differential expression (Figure 5). The other two groups 

410 were shallowly covered, indicating that functional conservation beyond species levels is more likely in 
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411 basic molecular functions. This statement is supported by the genes found to be EEG related to core 

412 functionalities, like enzyme activity and translational processes. All DEG genes have shown 

413 overexpression in tomato tissue, while most of these genes were not expressed in barley. This might 

414 change with a different light regime and might be another indicator for delayed and reduced 

415 physiological activity under short daylight conditions. 

416 Comparing physical positions of ortholog genes annotated to photosynthesis, transport, and 

417 translation-related functions did not reveal that ortholog genes, similar in expression patterns, are not 

418 clustered by chromosomes. Similar results were observed for EEG, indicating that these two species 

419 are different in their genomic construction.

420 5. Conclusion

421 Applying a short photoperiod regime resulted in gene expression variations between tissues and 

422 species. The photoperiod is a relevant regulator for photosynthetic activity physiological and 

423 morphological differentiation for photoperiod sensitive species like barley. As early sowing dates of 

424 spring-type crops result from climate change, the reduced growth under shorter day length conditions 

425 can indicate undesired lower productivity in unadapted varieties. Breeding of new, less photoperiod 

426 sensitive barley varieties might overcome delayed development and differentiation. Growth 

427 suspension by short photoperiod could benefit from genetic adjustments to avoid the coincidence of 

428 flowering and spring drought. This could retain high yields in rainfed crops by drought avoidance 

429 strategies through early root development. 
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638 Legend of Figures

639 Figure 1. Overview of root to shoot tissue expression in barley. A – count of expressed genes in shoot 

640 tissue only, both tissues and root tissue only. B – volcano plot of differentially expressed genes, 

641 visualizing the Bonferroni adjusted -log10 probability value against the log2 fold change. Blue dots 

642 indicate significantly upregulated genes in root tissue; red indicates the same for shoot tissue. C – 

643 heatmap of all DEG for the root and shoot tissue. The mean expression value over the three replicates 

644 is shown on a log10 transformation. D – differentially expressed gene ontologies. The exterior color of 

645 the bar splits root (blue) from the shoot (green), the p-value is indicated by the bar fill. The bars 

646 represent the average normalized expression value for the GO terms, based on all genes related to the 

647 GO term. 

648 Figure 2. Overview of root to shoot tissue expression in tomato. A – count of expressed genes in shoot 

649 tissue only, both tissues and root tissue only. B – volcano plot of differentially expressed genes, 

650 visualizing the Bonferroni adjusted -log10 probability value against the log2 fold change. Blue dots 

651 indicate significantly upregulated genes in root tissue; red indicates the same for shoot tissue. C – 

652 heatmap of all DEG for the root and shoot tissue. The mean expression value over the three replicates 

653 is shown on a log10 transformation. D – differentially expressed gene ontologies. The exterior color of 

654 the bar splits root (blue) from the shoot (green), the fill color indicates the p-value level. The bars 

655 represent the average normalized expression value for the GO terms, based on all genes related to the 

656 GO term. 

657 Figure 3. Gene ontology comparison between barley and tomato. A -Based on the expression values 

658 of genes annotated to a GO term, GO terms were merged between barley and tomato. A principal 

659 component analysis of all GO terms matched was performed, comparing all replicates of barley root, 

660 barley shoot, tomato root, and tomato shoot tissue to each other. B – the square rooted expression 

661 level of barley and tomato tissues for significantly different GO terms, indicated by the fill color of the 

662 bars. 
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663 Figure 4. Normalized expression (TMM) of photomorphogenesis controlling genes Cry1 and Cry2. The 

664 expression is compared between tissues (x-axis) and species (color).

665 Figure 5. Orthologous gene comparison between tomato and barley tissues. A – principal component 

666 analysis of the orthologue genes, showing all three replicates for each tissue–species combination. B 

667 – Classification of differentially expressed genes (DEG) and equally expressed genes (EEG) in the three 

668 groups biological process, cellular component, and molecular function. The count of genes of each 

669 group is illuminated. C – Circos plot of the normalized expression of shoot (green) and root, meristems 

670 (brown) for tomato and barley, separated by chromosomes. Differentially expressed genes between 

671 barley and tomato for the three groups photosynthesis (dark green), transport (gold), and translation 

672 (dark red) are linked with lines in the center. D – similar to C, but showing the links between equally 

673 expressed genes. 

674

675 Supplementary information legends 

676

677 Suppl. Figure S1. Workflow of the gene expression and functional analysis on three levels. Each level 

678 is framed by a yellow, orange, or green square. 

679 Suppl. Figure S2. The number of reads (in millions), mapped reads, and mapped in genes in Barley (A) 

680 and tomato gene annotation (B).

681 Suppl. Figure S3. Correlations among three biological replicates of root apices (BRx / TRx) and shoot 

682 apices (BSx/ TSx) in Barley (A) and tomato (B). Correlation is illustrated by color, shape, and additionally 

683 as a numerical value.

684 Suppl. Figure S4. Gene ontology clustering results by applying AgriGo V2 - 51 significant GO terms have 

685 been identified between the root and shoot meristem in barley. A – biological process; B – molecular 

686 function; C - cellular component
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687 Suppl. Figure S5. Gene ontology clustering results by applying AgriGo V2 - 63 significant GO terms have 

688 been identified between the root and shoot meristem in tomato. A – biological process; B – molecular 

689 function; C - cellular component

690 Suppl. Figure S6. Boxplot of the log10 transformed expression values for selected GO terms. Each dot 

691 represents the expression level of a single gene, while the boxplot summarizes these single points. 

692 Root and shoot are separated by color, while the species are spatially divided. Two statistical tests 

693 were performed, between the tissues and between the species for each GO term individually. The 

694 results of the tissue-wise comparison are printed below the GO term name between the green and 

695 purple boxplots, while the species-related comparison is placed between the spatially separated 

696 boxplots.

697 Suppl. Figure S7. Boxplot of the log10 transformed expression values for selected GO terms. Each dot 

698 represents the expression level of a single gene, while the boxplot summarizes these single points. 

699 Root and shoot are separated by color, while the species are spatially divided. Two statistical tests 

700 were performed, between the tissues and between the species for each GO term individually. The 

701 results of the tissue-wise comparison are printed below the GO term name between the green and 

702 purple boxplots, while the species-related comparison is placed between the spatially separated 

703 boxplots. The GO term and function are illustrated above each boxplot.

704 Suppl. Figure S8. Normalized expression (RPM) of photomorphogenesis controlling genes Cry1 and 

705 Cry2. The expression is compared between tissues (x-axis) and species (color). Expression data for 

706 Morex, published by Liu et al. 2020 was added to compare barley expression patterns under short-day 

707 (Scarlett – 8h) and long day (Morex – 16h) photoperiods.

708

709 Suppl. Table 1. Barley gene expression of normalized expression value. Basemean – mean expression 

710 over all six replicates, BasemeanA – root mean value; BasemeanB – shoot mean value. PAdj – 
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711 Bonferroni adjusted p-value. BR_Rx – normalized expression values for each replicate separated BR = 

712 barley root. BSM_Rx – normalized expression values for each replicate of the barley shoots separately.

713 Suppl. Table 2. Result of AgriGo V2 clustering of significantly expressed genes in barley root and shoot.

714 Suppl. Table 3. Barley gene ontology clustering based on expression values for each GO term. 

715 Genecount – count of genes found for the GO term (identical between root and shoot); Avgr – Average 

716 expression value root; SDr – standard deviation for root tissue; MINr / MAXr – minimum and maximum 

717 expression values. Same presented for shoot tissue by Avgs, SDs, MINs and MAXs. Pval – probability 

718 value calculated by a generalized linear model (binomial distribution). Logfc – Logfoldchange value. 

719 FDR – adjusted p-value. 

720 Suppl. Table 4. Tomato gene expression of normalized expression value. Basemean – mean expression 

721 over all six replicates, BasemeanA – root mean value; BasemeanB – shoot mean value. PAdj – 

722 Bonferroni adjusted p-value. TR_Rx – normalized expression values for each replicate separated TR = 

723 tomato root. TSM_Rx – normalized expression values for each replicate of the tomato shoot 

724 separately.

725 Suppl. Table 5. Result of AgriGo V2 clustering of significantly expressed genes in tomato root and 

726 shoot.

727 Suppl. Table 6. Tomato gene ontology clustering based on expression values for each GO term. 

728 Genecount – count of genes found for the GO term (identical between root and shoot); Avgr – Average 

729 expression value root; SDr – standard deviation for root tissue; MINr / MAXr – minimum and maximum 

730 expression values. Same presented for shoot tissue by Avgs, SDs, MINs and MAXs. Pval – probability 

731 value calculated by a generalized linear model (binomial distribution). Logfc – Logfoldchange value. 

732 FDR – adjusted p-value. 

733 Suppl. Table 7. Orthologous genes (1 to1 relationship) identified by OrthoMCL analysis of protein 

734 sequences between barley and tomato. 
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